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Abstract — This paper presents a trifocal Rotman Lens Design 
approach. The effects of focal ratio and element spacing on 
the performance of Rotman Lens are described. A three beam 
prototype feeding 4 element antenna array working in L-band 
has been simulated using RLD vl.7 software. Simulated 
results show that the simulated lens has a return loss of - 
12.4dB at 1.8GHz. Beam to array port phase error variation 
with change in the focal ratio and element spacing has also 
been investigated. 

Keywords — Rotman Lens, Array Factor, Return Loss, Phase 
Error, Beam Steering. 

I. Introduction 

Microwave lens has emerged as a beam forming network 
and is now currently used in many cutting edge applications 
such as radars, remote satellite sensors, automobile collision 
avoidance systems and ECM. Different active and passive 
beam forming networks (BFN's) are known from literature [1], 
[4] . BFN's which are based on buttler matrix are easy to con- 
struct and are also implemen table on printed circuit boards, 
but the major drawback of these BFN's is that the produced 
beams are dependent on frequency and the beam shift oc- 
curs as frequency varies, which is not desirable in most com- 
munication links. Hardware complexity of these BFN's grows 
exponentially with the number of elements and hence it be- 
comes difficult to realize such kind of BFN's for large number 
of radiation beams. Rotman lens provides an effective solu- 
tion for beam forming networks when a large number of radi- 
ating elements are required. Rotman lens is a true time delay 
beamformer which provides linear phase shifts at the output 
ports by utilizing different paths within the lens structure. 
Rotman lens is a type of microwave lens and is capable of 
operating in high microwave frequency ranges with wide angle 
scanning capabilities. It is an Electronically Scanning An- 
tenna (ESA) which has the ability to position the antenna 
beam instantaneously to any position and can also be imple- 
mented in the microstrip configuration. W. Rotman and 
R.Turner first proposed the rotman lens which consist of 
airfilled parallel conducting plates fed by co-axial probes [ 1 ] . 
D. Archer[2] gave a modified design of rotman lens in which 
a dielectric material is filled between parallel conducting plates 
fed by microstrip lines. Both type of the above mentioned 
rotman lens have been implemented mostly in the microwave 
band. At higher microwave frequencies the lens loss increases 
and there physical structure becomes more difficult to build 
[3]. Conductor loss is a dominant factor in the overall lens 
loss and this is due to the increase in the surface resistance 
at high frequency. At low microwave frequencies it becomes 
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quite difficult to integrate rotman lens realization in compact 
transceiver designs. 

This paper presents the analysis of the effects of variation 
of antenna element spacing and focal ratio on the performance 
of rotman lens. Simulations were carried out using RLD 1.7 
designer software and various important parameters such as 
array factor, insertion loss, s-parameters, beam to array port 
phase error, beam to array port coupling magnitude, beam to 
sidewall coupling magnitude and SWR are analysed to know 
the effects on the performance of the lens. 

This paper is organized as follows: Section II presents 
the basic principle of the rotman lens in which trifocal lens 
design equations and its important parameters are discussed. 
Section III presents the analysis approach of the designed 
rotman lens and also gives the technical specifications of the 
designed lenses. In Section IV simulation results are 
presented and finally in section V conclusions are drawn. 

II. Principle of rotman lens 

Fig. 1 shows a basic diagram of the rotman lens. It consists 
of a set of input and output ports arranged along an arc. The 
lens structure between both sets of ports functions as an 
ideal transmission line between the individual input and 
output ports. The signal applied to the input port is picked 
up by the output port. The different electrical lengths 
between a specific input and all output ports, generates a 
linear progressive phase shifts across the output ports of 
the lens. Dummy ports are also an integral part of the rotman 
lens and serve as an absorber for the spill over of the lens 
and thus it reduces multiple reflections and standing waves 
which deteriorates the lens performance[7-9]. 

A. Lens Design Equation 

Fig. 2 shows a schematic diagram of a trifocal Rotman 
lens[12-13]. Input ports lie on contour CI and the output 
ports lie on contour C2. CI is known as beam contour and C2 
is known as array contour. There are three focal points namely 
Fl, F2 and F3. Fl is located on the central axis while F2 and F3 
are symmetrically located on the array contour at an angle of 
+a and - a respectively. It is quite clear from Fig. 1 that the co- 
ordinates of two off-axis focal points F2, F3 and one on axis 
focal point Fl are (-f 2 cosa, f 2 sina), (-f 2 cosa, -f 2 sina ) and (-f 1? 
0)respectively[10][14]. 
where 

f x -On axis focal length 

f 2 -Off axis focal length 
a -Off center focal angle 
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Fig.l Basic Diagram of Rotman Lens 
Transmission Line 




Phased Array Element 
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Inner Receiver Contour 
Fig. 2 Trifocal Rotman Lens Schematic Diagram 

y/ a -Scanning angle 
_ sin y/ 

7 — — : - beam angle to ray angle ratio given as ratio of 
sin a 

sine of their angles. 



8 r -Permittivity of medium in between the lens contour 
8 e - Permittivity of medium of transmission line 
S { -Permittivity of medium of radiating element 
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A 



-Focal ratio 



W o Transmission line length between axis point 'O'and ra- 
diating element. 

W -Transmission line length between point 'P'and radiating 
element. 

F.P-It is the physical distance from focal point Fi to P. 

% is another important parameter that relates the distance Y 3 
of any point on the array contour from the axis, to f x . £ 

controls the portion of phase and amplitude error curves that 
the lens experiences [4]. It is given by- 

eJJL 
fi • 

If we assume that the ideal focal points are located at 6 = ± a 
and 0, and their corresponding radiation angles are W = ± Fa 
and W = 0, given Wa is a known angle, simultaneous equations 
1-3 are satisfied: 

F 2 P ^r +™R +Y S^i ®Wa =fi& + W ofie C 1 ) 

F 3 P^ r +Mf e -Y 3 ^m%=f 2 Js r +w Js e (2) 



-0) 



Also we have- 



rs (-/ 2 cos a -X) 2 + (-/ 2 sin+Y) 2 
F 3 P 2 = (-/ 2 cos-X) 2 + (-/ 2 sin-Y) 2 — 
(/)+X) 2 + (Y) 2 



-(4) 



-(5) 



-(6) 



By algebraic manipulation of the above equations we can 
obtain geometric lens equation[10][l 1] which is quadratic in 
nature and is given by- 

aW 2 +bW+c=0 

Where- 



a = 1- 



a-/?) 2 ^ 



b = 



(I- PC) 2 s r p 2 



102 



ps r I- p cos a (1-/?C) 2 s r 

% 2 s 2 <fS 4 g,. 
{I- PC) 4(1- PC) s r 
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W -Normalized relative transmission line length 
w — w 

and is given as vr v r J . 

Ji 

S=sina and C=cosa 

It is important to note that the number of beams, number 
of elements, maximum beam angle and element spacing are 
known from the system requirement and so the task is to 

select the optimum values of a , /? , y and f/1 [4]. 

Element spacing d is also very critical as it controls the 
appearance of grating lobes. The spacing that just admits a 
grating lobe is given by[7]- 

d= I (7) 

X 2 + sin ¥ 

m 

where *F is the maximum beam angle. 

When a feed is placed at a non focal point then the 
corresponding wavefront will have a phase error, but for wide 
angle scanning capabilities it is necessary to place the feed 
at non focal points[6]. 

III. Analysis Approach 

Rotman Lens is designed using RLD s/w to operate in the 
frequency band of 1700 MHz- 1900 MHz with the center 
frequency of 1.8GHz. The lens is analysed to find the effect 
of element spacing and focal ratio on the performance of 
Rotman Lens. The height of array contour and feed contour 
must be almost same in order to couple maximum power from 
the feed contour to the array contour [5] [6]. Taking this fact 
into consideration the alpha ratio of the designed lens is kept 
at 0.5 

Fig. 3 shows the designed Rotman Lens on RLD software. 

The specifications of the designed lens are as follows:- 
Elliptical lens contour with element spacing = 0.34X 
Operating frequency = 1.8GHz 
Scan angle = 30 degree 
Alpha ratio = 0.5 
No. of beam ports = 3 
Flare angle = 12 degree 
Focal length = 1.7384 X 

Focal ratio (g)= 1.0 
Substrate Thickness = 1.6mm 
Loss tangent = 0.001 
Substrate dielectric constant = 4.4 

IV. Simulation Results 

In order to analyse the effect of focal ratio on the 
performance of the Rotman Lens the element spacing is kept 
at 0.34 A, and for the analysis of element spacing effect the 
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Fig. 3 Designed Rotman Lens 

focal ratio is kept at unity. 

A. Analysis of Array Factor 

Array factor is an important factor for the analysis of 
Rotman Lens performance. Array factor analysis can indicate 
the behaviour of side lobe levels and the scanning directions. 
Fig.4. shows the array factor plot for the element spacing of 
0.34/1. 

Array Factor 




-80.0 -40.0 40.0 80.0 
Angle (deg.) 

Fig.4 Array Factor with d = 0.34 X 

The side lobe level of less than -15dB for all the 
frequencies under consideration shows that the performance 
of the designed lens is very good. Fig. 5 shows the array 
factor plot for element spacing of 0.7 L When the element 
spacing is increased to 0.7 X, the number of side lobes and 
their level both increase which is undesirable. The grating 
lobe starts to appear which have almost the same level as the 
mainlobe[12][14]. 

It can also be seen from the above graphs of array factor in 
fig. 5 that there is a decrease in the width of the main lobe 
with the increase in the element spacing. Hence it can be 
concluded that the element spacing should always be kept 
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Fig. 5 Array factor with d = 0.7 k 

less than 0.5 I in order to achieve good performance of the 
lens in terms of the side lobe level and more accurate scanning 
capability. This result is in good agreement with the element 
spacing relation given in [4] ie. 
d = I 
k 2 + sin ¥ 

m 

B. Beam to array phase error (keeping g constant and 
varying d) 

Table I: Beam to array phase error for different values of element 
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It is observed from Table I that as the antenna element 
spacing increases the phase error increases for all the ports 
due to increased path length difference. It is clearly seen that 
with 10% increase in the antenna element spacing it is 
observed that the average beam to array phase error for port 
4 increases by 53%.The variation of the phase error due to 
change in the element spacing can be observed in fig. 6. 

C Beam to array phase error (keeping element spacing 
constant = 0.34 and varying focal ratio g) 

Fig. 7 Shows beam to array port phase error for port 2 
excitation at g = 1.0 and element spacing of 0.34 X. Table II 
shows the beam to array port phase error for port 2 excitation 
for different values of g (focal ratio). The range over which g 
is varied is 1 .0 to 1 . 1 for the element spacing of 0.34 X. It can 
be concluded that increasing the value of g will increase the 
phase error. Maximum phase error is observed for port 4 and 
port 7 and minimum phase error is for port 5 and port 6. The 
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Fig. 6 Beam to Array port phase error variation with element 
spacing 

Table II: Beam to array port phase error for different values of focal 
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main reason for this is the path length difference. Increasing 
g beyond 1 . 1 or decreasing g below 1 .0 for the same simula- 
tion set up makes the shape of the lens invalid. Alpha ratio is 
kept 0.5 so that the height of the array and the beam contour 
remains almost same, hence maximum power is coupled from 
beam to array port. 



■ Port 2 Beam to Array Phase Error 
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Fig. 7 Beam to array port phase error at g = 1.0 and spacing of 
0.34 X 
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Fig. 8 Beam to Array port phase error for different values of focal 
ratio(g) 

Effect of changing 'g' will also change the lens shape, it 
is found that as g increases the curvature of the feed contour 
increases and that of the array contour decreases. It has also 
been observed that changing the focal length also has an 
effect on changing the contours shape. As the focal length 
increases the feed contour opens and array contour closes. 
The effect of variation of phase error with respect to 'g' is 
shown in fig. 8 
S-parameters: 

S-parameters for the Rotman lens under consideration were 
also observed .In matrix form the magnitude of S- 
parameters can be represented as a 3*7 matrix as- 



$11 ^12 $13 $14 $15$16 



'17 



$21 $22 $23 $24 $25 $26 $27 
$31 $32 $33 $34 $35 $36 $37 



The magnitude at 1 .8GHz comes to be 

-12.34 -11.60 -11.44 -11.37 -11.22 
-12.34 -11.32 -11.29 -11.29 -11.32 
-12.34-11.22 -11.37-11.44 -11.60 

S 22 magnitude represents the return loss for port 2. Its 
value is found to be -12.34 dB which shows that only 5.8% 
of the incident power is reflected back to port 2 and through 
power is 94.2% . SWR corresponding to this value of return 
loss is 1 .63 and reflection loss is around 0.23dB. Fig. 9 shows 
the plot of magnitude of S 22 with frequency. 
Insertion loss: 

The insertion loss is calculated by summing the received 
powers at the array and beam ports, relative to the transmitted 
power of each beam. The insertion loss is calculated by- 



L^-lOlogX |SJ 



This is the insertion loss corresponding to beam port k 
where n is the index for the array ports. Fig 10 shows the 
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Fig.9. S 22 plot 

insertion loss variation for beam port 2 in the operating 
frequency band .Its value is 6.54dB at 1.8GHz. 

LJJHHDEBI^H^ Insertion Loss 
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Fig. 10 Insertion Loss variation in the operating frequency band 

Beam to Array port coupling magnitude: 

Beam to Array Coupling Amplitude 
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Fig. 11 Beam to array coupling magnitude 
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Fig. 1 1 shows the beam to array port coupling magnitude. 
It can be seen from this graph that the amplitude distribution 
is nearly uniform for all the array ports for port2 excitation. 
Beam to sidewall coupling magnitude :- 



Beam to Sidewall Coupling Amplitude 
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Fig. 12 Beam to sidewall coupling magnitude 

Fig. 12 shows beam to sidewall coupling amplitude for the 
same simulation set up (port 2 excitation). For g =1.0 the 
beam to sidewall coupling amplitude is found to be -8.4dB. 

V. Conclusion 

A design approach for trifocal Rotman Lens has been 
presented in this paper. Rotman Lens prototype with 3 beam 
ports and 7 array ports has been simulated using RLD1.7 
designer software. Simulation results show that element 
spacing should always be kept below X/2 in order to avoid 
grating lobes in the radiation pattern. Beam to array port 
phase error increases with the increase in the element spacing 
and its value is maximum for array ports 4 and 7 at all the 
element spacings considered. It has been found that with 
10% increase in the element spacing it is observed that 
average beam to array port phase error for port 4 increases 
by 53%. Focal ratio also affect the beam to array port phase 
error. It has been found that increasing the value of g increases 
the phase error and its value is maximum for array port 4 and 
7 at all the values of g considered. Increasing g value increases 
the curvature of feed contour and decreases the curvature of 
array contour. Analysis of S parameters revealed that the 
return loss of the designed Rotman Lens is -12.34dB for port 
2 (S 22 ) . This indicates that only 5.8% of the incident power is 
reflected back to port 2 and through power is 94.2%. SWR 
value and reflection loss are found to be 1.63 and 0.23dB 
respectively. Insertion loss for beam port 2 excitation for the 
lens is found to be 6.4 dB at the center frequency of 1 .8GHz. 
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